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Abstract
The focus of this study is on the serviceability limit state of high-rise buildings. Wind
induced vibration in high-rise buildings may cause motion induced discomfort for the
occupants. If a building is slender enough, which is the case in most high-rise buildings,
across-wind acceleration due to vortex shedding is the leading cause of wind induced
acceleration.
In this study current tools available are presented to evaluate acceleration response in the
early stages of the project for preliminary design. Standards and literature provide hand
calculation equations for evaluation. Based on the theory of vortex shedding phenomena,
the finite element method is adopted in this study as a scientific contribution to evaluate
across-wind response.
In this study it was discovered that current tools provide very scattered results and should
not be used as a base for final design. Especially acceleration response results calculated
by Eurocode are in the order of magnitude higher than the results by other standards and
literature, making Eurocode insufficient for predicting acceleration response even for
preliminary design.
Procedure based on finite element method was built by making multiple conservative
assumptions and it was found to predict reasonably well, with results being near the
predictions made by standards and literature. In most cases, results from standards were
more conservative than predictions made by the procedure based on finite element method.
This procedure needs further testing against full-scale measurements to evaluate its
accuracy.
Keywords high-rise building, time history analysis, vortex shedding, standard,
acceleration
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3List of symbols
General symbols used in the study:
ܣ [-] constant of roughness length for turbulence
ܣ௠௔௫ [m/s2] peak acceleration
ܥ௅ [-] lift coefficient
ܥ௅,௥௠௦ [-] RMS of lift coefficient
ܨ௅ [N] lift force
ܫ௨ [-] turbulence intensity
ܭ௔ [-] aerodynamic parameter
ܴ [year] return period
ܴ݁ [-] Reynolds number
ܵܿ [-] Scruton number
ܵܿீ [-] general non-dimensional mass-damping parameter
ܵݐ [-] Strouhal number
ܶ [s] sample size
ഥܷ [m/s] mean wind velocity
෡ܷ [m/s] peak gust
ܾ [m] width of the structure (the dimension perpendicular to the
wind direction)
݀ [m] depth of the structure (the dimension parallel to the wind
direction)
݂ [Hz] frequency
ଵ݂ [Hz] fundamental frequency of structure
௘݂ [Hz] natural frequency of structure
௦݂ [Hz] shedding frequency
௦݂
௅ [Hz] lower boundary of shedding frequency
௦݂
௎ [Hz] upper boundary of shedding frequency
݃ [-] peak gust factor
ℎ [m] height of structure
݇ [-] mode shape parameter
݇௣ [-] peak factor
݇௥ [-] terrain factor
݉௘ [kg/m] mass of the structure per unit length
ݑ, ݑᇱ [m/s] turbulence wind component
ݑ∗ [m/s] friction velocity
̈ݑ௠௔௫ [m/s2] horizontal peak acceleration
ݕ௠௔௫ [m] maximum across-wind amplitude at critical wind speed
ݖ [m] height above the ground
ݖ଴ [m] roughness length
ݖ௛ [m] zero-plane displacement
ݖ௠௜௡ [m] minimum height above the ground
∆ݐ [s] time-step
ߙ [-] exponent of power law for wind profile
ߜ௦ [-] structural logarithmic decrement of damping
ߞ௔ [-] aerodynamic damping ratio
4ߟ௝ [-] critical damping ratio for jth mode
ߢ [-] von Karman’s constant
ߩ [kg/m3] air density
ߪ௨ [m/s] standard deviation of longitudinal wind velocity
ߪ௨̈ [m/s2] standard deviation of acceleration of structure
߬ [Hz] upcrossing frequency
߭ [m2/s] kinematic viscosity
Symbols used in EN 1991-1-4:
ܥ௖ [-] aerodynamic constant
ܭ [-] mode shape factor; shape parameter
ܭ௔ [-] aerodynamic damping parameter
ܭ௪ [-] correlation length factor
ܮ௝ [m] correlation length
ܴ݁ [-] Reynolds number
ܵܿ [-] Scruton number
ܵݐ [-] Strouhal number
ܶ [year] return period
ܽ [m/s2] peak structure across-wind acceleration
ܽ௅ [-] normalized limiting amplitude
ܾ [m] width of the structure (the dimension perpendicular to the
wind direction)
ܿௗ௜௥ [-] directional factor
௙ܿ [-] force coefficient
ܿ௟௔௧ [-] aerodynamic exciting coefficient
ܿ௣௥௢௕ [-] probability factor
ܿ௥ [-] roughness factor
ܿ௢ [-] orography factor
ܿ௦௘௔௦௢௡ [-] seasonal factor
݀ [m] depth of the structure (the dimension parallel to the wind
direction)
ℎ [m] height of structure
݇௣ [-] peak factor
݇௥ [-] terrain factor
݉௕ [kg] mass of the structure
݉௭ [kg/m] mass of the structure per unit length
݉௜,௘ [kg/m] equivalent mass of the structure per unit length for mode i
݊௜ [Hz] natural frequency of the structure of the mode i
ݒ௖௥௜௧ [m/s] critical wind velocity of the vortex shedding
ݒ௠ [m/s] mean wind velocity
ݒ௕,଴ [m/s] fundamental value of the basic wind velocity
݊௕ [m/s] basic wind velocity
ݕ௠௔௫ [m] maximum across-wind amplitude at the critical wind speed
ݖ [m] height above the ground
ݖ଴ [m] roughness length
Φଵ [-] fundamental modal shape
ߜ௦ [-] structural logarithmic decrement of damping
ߣ [-] slenderness ratio
5ߩ [kg/m3] air density
ߪ௬ [m] standard deviation of deflection
ߞ [-] exponent of mode shape
Symbols used in NBCC 2005:
ܤ [-] background turbulence factor
ܥ௘ [-] exposure factor
ܦ [m] depth of the structure (the dimension parallel to the wind
direction)
ܨ [-] gust energy ratio
ܪ [m] height of structure
ܫ௪ [-] importance factor
ܶ [s] sample time
ܸ [m/s] reference wind velocity
ுܸ [m/s] mean wind velocity at top of the structure
ܹ [m] width of the structure (the dimension perpendicular to the
wind direction)
ܽ௥ [m/s2] -
ܽ௪ [m/s2] peak structure across-wind acceleration
݃ [m/s2] gravity constant
݃௣ [-] peak factor
݊଴ [Hz] fundamental frequency of the structure
݊௪ [Hz] first modal frequency of the structure
ݏ [-] size reduction factor
ݖ [m] height of interest above the ground
ݖ௥௘௙ [m] reference height above the ground
ߙ [-] power exponent
ߚ஽ [-] ratio of critical damping in along-wind direction
ߚௐ [-] ratio of critical damping in across-wind direction
ߥ [Hz] upcrossing frequency
ߩ௕ [kg/m3] density of structure
Symbols used in AIJ:
ܤ [m] width of the structure (the dimension perpendicular to the
wind direction)
ܦ [m] depth of the structure (the dimension parallel to the wind
direction)
ܥ′௅ [-] RMS overturning moment coefficient
ܧு [-] wind speed profile factor at reference height H
ܧ௥ [-] exposure factor of flat terrain categories
ܨ௅ [-] wind spectrum factor in across-wind direction
ܪ [m] reference height
ܭ஽ [-] directionality factor
ܯ௅ [kg] generalized mass of building for across-wind vibration
ܴ௅ [-] resonance factor for across-wind vibration
଴ܷ [m/s] basic wind speed
6ܷு [m/s] design wind speed
௅ܷ௖௥
∗ , ்ܷ௖௥∗  [m/s] non-dimensional critical wind speed for aeroelastic instability
in across-wind and torsional directions
ܼ [m] height above the ground
ܼ௕, ܼீ [m] parameters determining exposure factor
ܽ௅௠௔௫ [m/s2] maximum response acceleration in across-wind direction at
top of building.
௅݂ [Hz] natural frequency for first mode in across-wind direction
்݂ [Hz] natural frequency for first mode in torsional direction
݃௔௅ [-] peak factor in across-wind direction
݇௥ௐ [-] return period conversion factor
ݍு [N/m2] velocity pressure at height H
ݎ [year] design return period
ߙ [-] exponent of power law for wind profile
ߚ [-] exponent of power law for vibration mode
ߞ௅ [-] critical damping ratio for first mode in across-wind direction
ߣ [-] mode correction factor of general wind force
ߣ௎ [-] wind velocity return period ratio
Symbols used in AS/NZS 1170.2:
ܥ [-] return period conversion factor
ܥ௙௦ [-] across-wind force spectrum coefficient generalized for a
linear mode shape
ܫ௛ [-] turbulence intensity
ܭ௠ [-] mode shape correction factor for across-wind acceleration
ܯ௭,௖௔௧ [-] terrain/height multiplier
ௗܸ௘௦ [m/s] design wind speed
௡ܸ [-] reduced wind velocity
ܾ [m] width of the structure (the dimension perpendicular to the
wind direction)
݃ோ [-] peak factor for resonant response
݃௩ [-] peak factor for the upwind velocity fluctuations
ℎ [m] height of structure
k [-] mode shape power exponent for the fundamental mode
݉଴ [kg/m] average mass per unit height
݊௘ [Hz] natural frequency for first mode in across-wind direction
̈ݕ௠௔௫ [m/s2] peak acceleration at the top of a structure in across-wind
direction
ߩ [kg/m3] air density
ߞ [-] ratio of structural damping to critical damping of a structure
Symbols used in the method by Emil Simiu:
ܣ [m2] area of horizontal section of the building
7ܤ [m] width of the structure (the dimension perpendicular to the
wind direction)
ܥ, ݌ [-] empirical constants
ܦ [m] depth of the structure (the dimension parallel to the wind
direction)
ܪ [m] height of structure
തܸ(ܪ) [m/s] mean hourly wind velocity at height H
݊ଵ [Hz] fundamental natural frequency in across-wind direction
ݖ [m] height above the ground
ߩ [kg/m3] air density
ߩ௕ [kg/m3] mass of building per unit volume
ߞ [-] damping ratio
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9Abbreviations
AIJ Architectural Institute of Japan
ASCE American Society of Civil Engineers
CoV Coefficient of Variation
FEM Finite Element Method
ISO International Organization for Standardization
NBCC National Building Code of Canada
RMS Root Mean Square
VIV Vortex Induced Vibration
10
11
1 Introduction
1.1 Background
Wind induced oscillations of high-rise buildings are directly affecting habitability, where
across-wind vibration is more significant than along-wind vibration when the structure is
slender enough. The leading cause of across-wind acceleration for conventional high-rise
buildings is vortex shedding. Vortex shedding is an oscillating flow behind the long,
prismatic bluff body. It may appear on slender structures like chimneys, buildings, or
bridge decks. The phenomenon is also known as Von Karman vortex street for the vortex
tail it leaves behind the bluff body. A full analytical solution for this problem is not yet
available and the procedures predicting vortex-induced vibrations are not fully reliable
(Dyrbye & Hansen 1997, Hansen 2007). Therefore, there are many different approaches
to describe this phenomenon mathematically. Eurocode, for example, has two different
approaches: vortex-resonance and spectral model.
1.2 Aim and objectives
The aim of this thesis is to investigate across-wind acceleration response due to wind load
on high-rise buildings. Another objective is to present design tools that evaluate across-
wind acceleration significance in the early stages of the project. The main goal of the
study is to evaluate the reliability of different methods for across-wind acceleration
prediction.
The objective is to find high risk areas in high-rise buildings early in the design process
when changes in shape, length, slenderness or structural elements are easy to implement.
Another objective is to increase understanding of what factors are affecting vortex
shedding and their weight between each other to make reliable design.
1.3 Limitations
This thesis is focused on vortex shedding phenomenon and on the resulting building
response. Determination of total damping of the structure is out of scope as well as
investigation of damping systems. Also, determination of natural periods of structure is
out of scope and is taken as known information from the model. The impact of
surrounding buildings is considered only broadly as terrain category, leaving direct effect
of other surrounding high-rise buildings out of scope. Regarding to building shape, the
focus of this study is on non-tapered, square cross-sectional buildings with sharp corners.
Effects of aerodynamic improvements are out of scope in this study. Computational fluid
dynamic analysis is also out of scope as well as fatigue analysis.
1.4 Outline of report
In the 2nd chapter relevant wind properties to the vortex shedding are presented. In the 3rd
chapter, the relationship between building and vortex shedding is explained and
habitability criteria are introduced. In the 4th chapter approaches of calculation prediction
of acceleration by different standards and literature is presented. In the 5th chapter 2D
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finite element method to evaluate equivalent force caused by shedding frequency is
presented. In the 6th chapter results from the 2D finite element method are used in 3D
finite element software to acquire building acceleration. In the 7th chapter results are
discussed and methods for acceleration calculation are evaluated.
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2 Wind load
Mathematically total wind load is determined by 3 components (Hansen 2007, Dyrbye &
Hansen 1997):
1. Net gust wind load due to air turbulence
2. Net vortex shedding wind load
3. Motion induced wind load.
The focus in this thesis is on net vortex shedding load. In this chapter the main theory and
properties related to wind load are discussed. Logarithmic and power law theories are
explained. Wind velocity profile concept is introduced as well as terrain influence on the
wind profile. Also, in this chapter the impact of wind turbulence on high-rise buildings in
along- and across-wind directions is discussed.
2.1 Mean wind velocity
All design codes and standards base their response calculations on basic wind velocity,
which is then transformed into design wind velocity. Basic wind velocity is obtained from
local climate history analysis. The value is a maximum of X minutes/seconds mean wind
velocity at 10 meters above the ground. For example, Eurocode uses characteristic 10-
minute mean wind velocity at 10 meters height above the ground as basic wind velocity
(SFS-EN 1991-1-4 2005).
Figure 1 presents wind velocity variation with averaging time. The presented chart can
be used to calculate wind mean velocity of X seconds for given mean velocity and gust
duration. This is a useful tool to transform basic wind speeds for different codes and
standards since different gust duration are used for basic wind speeds.
Figure 1. Wind velocity variation with averaging time for non-hurricane conditions (Liu
1991).
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2.2 Wind velocity profile
In this section mean wind variation over height above ground near the surface is
considered. Two leading mathematical expressions for wind profile are presented:
‘Logarithmic law’ and ‘Power law’.
2.2.1 The ‘Logarithmic law’
Logarithmic law is a semi-empirical relationship originally derived by Prandtl. This law
has been found to predict the wind profile well in strong wind conditions in the
atmospheric boundary near the surface (Holmes 2015.) Wind speed at height z is defined
as:
ഥܷ(ݖ) = ݑ∗
ߢ
ln ൬ ݖ
ݖ଴
൰ (1)
where ݑ∗ is friction velocity, z is height above the ground, ݖ଴ is roughness length and ߢ
is von Karman’s constant. It has been found experimentally that constant k is about 0.4.
Roughness length is measure of roughness of the ground surface. Constants depending
on terrain type are presented in Table 1.
A useful way to apply logarithmic law is to solve desired wind speed at height ݖଵ with
the help of reference wind speed at height ݖଶ by following expression:
ܷ(ݖଵ)
ܷ(ݖଶ) = ln ቂ(௭భି௭೓)௭బ ቃln ቂ(௭మି௭೓)
௭బ
ቃ
(2)
where ݖ௛ is zero-plane displacement.
2.2.2 The ‘Power law’
The Power law is purely empirical. It is easily integrated over a height, which is
convenient for response calculation purposes (Holmes 2015.) Wind speed at height z is
defined as:
ഥܷ(ݖ) = ഥܷଵ଴ ቀ ݖ10ቁఈ (3)
where ഥܷଵ଴ is mean wind speed at 10 m height, z is height above the ground and exponent
ߙ is dependent on terrain roughness. Table 1 presents the relation of exponent ߙ to the
roughness length.
Figure 2 presents comparison between power law and logarithmic law with zref = 100 m
and terrain category I with defined reference wind velocity 30 m/s at zref height.
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Figure 2. Comparison between power law and logarithmic law.
2.2.3 Terrain categories
Table 1. Terrain categories and parameters. Table 4.1 in EN 1991-1-4 and Table 3.2 in
Dyrbye & Hansen (1997) combined.
Terrain category z0[m]  zmin[m]  kr[-] α
0 Sea or coastal area exposed to open sea 0.003 1 0.16 -
I Lakes or flat and horizontal area withnegligible vegetation and without obstacles 0.01 1 0.17 0.12
II
Area with low vegetation such as grass and
isolated obstacles (trees, buildings) with
separations of at least 20 obstacle heights
0.05 2 0.19 0.16
III
Area with regular cover of vegetation or
buildings or with isolated obstacles with
separations of maximum 20 obstacle heights
(such as villages, suburban terrain, permanent
forest)
0.3 5 0.22 0.22
IV
Area in which at least 15% of the surface is
covered with buildings and their average
height exceeds 15 m
1.0 10 0.24 0.3
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ݖ଴ can be interpreted as the size of a characteristic vortex created by friction between air
and terrain. ݖ௠௜௡ is the height below which wind velocity is assumed to be constant. kr is
terrain factor, which is proportional to roughness length and α is Power law exponent.
Table 2 expresses different standards of terrain categories equivalent with each other.
Table 2. Terrain categories comparison between standards by Kwon & Kareem (2013).
ASCE AS/NZS AIJ CNS NBCC EU ISO IWC
- 4 V - - - 4 4
- - IV D C IV - -
B 3 III C B III 3 3
C 2 II B A II 2 2
D 1 I A - I 1 1
- - - - - 0 - -
2.3 Wind turbulence
Natural wind profile can be expressed in two terms: mean component and fluctuating,
turbulent component. Mathematically they can be expressed as:
ܷ(ݖ, ݐ) = ܷ(ݖ) + ݑ(ݔ, ݕ, ݖ, ݐ) (4)
where U(z,t) is mean wind velocity component varying over height z and u(x,y,z,t) is
turbulent component varying over height z, directions x and y and time t.  Figure  3
illustrates the components.
Figure 3. Wind field in along-wind direction (Dyrbye & Hansen 1997).
2.3.1 Mathematical expression
Turbulent wind flow is a complex, stochastic process and therefore it is convenient to
describe it with a statistical approach (Dyrbye & Hansen 1997.) The ratio of standard
deviation of the fluctuating component to mean value is known as turbulence intensity of
that component. It is given as:
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ܫ௨ = ߪ௨ഥܷ (5)
By full-scale measurements is has been found that standard deviation of longitudinal wind
speed ߪ௨ for roughness length ݖ଴ = 0.05 m is equal to 2.5ݑ∗ (Dyrbye & Hansen 1997.)
Hence, turbulence intensity can be expressed as a well-known formula, which is used in
Eurocode:
ܫ௨ = 2.5ݑ∗
ቀ
௨∗
଴.ସቁ ln ቀ ௭௭బቁ = 1ln ቀ ௭௭బቁ (6)
Peak gust wind velocity is used in many design codes and standards as the basis for
structural design. Since wind turbulence is random, peak gust of 10 minutes is also
random (Holmes 2001.) Peak gust can be obtained by multiplying turbulent component
with peak gust factor g. Peak factor is explained in detail in 4.2.5. Peak gust ෡ܷ is given
as:
෡ܷ = ഥܷ + ݃ߪ௨ (7)
Peak gust factor depends on effective averaging time of gust ߬ and sample size T.
However, Holmes (2001) notes that peak gust does not occur simultaneously along the
whole height of the structure.
2.3.2 Impact on vortex shedding
According to Dyrbye & Hansen (1997), two turbulence conditions increase risk of violent
across-wind vibrations:
1. Smooth, stratified wind flow occurring in a stable atmosphere. Topography or a
low terrain category such as sea increase the risk of these conditions occurring.
Smooth flow increases negative aerodynamic damping generated by vortex
shedding. This is considered a rare, extreme event.
2. Small-scale turbulence, generated by a nearby structure of similar size, may
increase lift coefficient. The effect of lift coefficient is explained in 3.1.5. This is
considered a frequent event over structural life.
However, these conclusions are from chimney measurements, meaning that behavior of
sharp-edged structures might be different. Experiments by Kawai (1992) were carried out
for rectangular prisms with smooth and turbulent flow at 0° angle of incidence. Various
side ratios were considered. For example, on a cross-section with a side ratio of 1:2, it
was observed that turbulent flow increased vortex-induced vibrations when compared to
smooth flow. Figure 4 represents shedding frequency changes due to wind and structure
type changes.
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Figure 4. Sketch representing turbulence, velocity profile, height above the ground and
diameter variation are affecting the auto spectrum of the lift load.
A. When diameter is constant, wind is smooth and velocity is independent of height
above the ground, vortex shedding frequency is constant over height.
B. When wind velocity increases over height and diameter is constant, vortex
shedding frequency increases over height.
C. When wind velocity increases over height and structure is tapered, vortex
shedding frequency increases over height even more than in case B. (Dyrbye &
Hansen 1997)
2.4 Angle of attack
Kawai (1995) investigated further the effect of the angle of attack on occurrence of VIV
(vortex-induced vibration) and galloping. For square cross-section, most violent VIV
response was at 0° angle of attack in both smooth and turbulent flow. When the angle of
attack increases, response amplitude decreases rapidly. For design purposes this means
that 0° angle of attack is most critical and strongly conservative.
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3 Building vibration due to vortex shedding
This chapter explains the relationship between high-rise buildings vibration and vortex
shedding. Vibration in slender high-rise buildings is a very important design aspect. In
most cases, serviceability limit state is more critical than ultimate limit state in the
structural design of high-rise buildings. The focus of this chapter is mainly on vortex
shedding induced vibrations. First, interaction parameters related to vortex shedding are
introduced. Then vortex shedding phenomenon is explained in detail. In conclusion,
habitability of occupants is discussed.
3.1 Vortex shedding
Vortex shedding may occur when vortices are shed alternately behind the bluff body. This
phenomenon may be interpreted in structural design as equivalent load on the sides of the
structure in across-wind direction. Figure 5 illustrates how vortices are producing
equivalent lateral load to the cladding.
Figure 5. Periodic shedding of vortices generates building vibration transverse to the
direction of wind.
3.1.1 Shedding frequency
As the vortices are shed alternatively on each side, harmonically varying load has the
same frequency as vortices are shed. The frequency fs of lateral load due to vortex
shedding is defined as:
௦݂ = ܵݐܷ݀ (8)
where St is Strouhal number, U is mean velocity of wind and d is the across-wind
dimension of the structure. Significant vibrations occur when fs is near natural frequency
fe of the structure in across-wind direction.
3.1.2 Reynolds number
Reynolds number expresses the ratio between inertial and viscous forces. Strouhal
number of different cross-sections of the structures is dependent on the Reynolds number.
Yet, at critical and trans-critical regimes of Re, St of cross-sections with sharp edges is
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not much dependent on Re, since separation tends to occur at the building corners
(Pozzuoli 2012.) It is defined as:
ܴ݁ = ܷ݀
߭
(9)
where ߭ is kinematic viscosity of the fluid. Reynolds number regimes (Giosan & Eng):
Sub-critical range: Re < 3 x 105
Critical range: 3 x 105 < Re < 3 x 106
Trans-critical range: Re > 3 x 106
For a circular cross-section in the critical range of Re, vortices tend to occur irregularly,
unless motion of the structure is large enough to cause a lock-in condition, which is
described in detail in 3.1.3.
3.1.3 Lock-in
Structural motion may interact with the wind field in such a way that vortex shedding fs
synchronizes with natural frequency fe of the structure. Shedding frequency remains
constant over a certain range of wind velocities, being locked in natural frequency as
illustrated in Figure 6. This condition is called a lock-in. Lower damping widens the range
of wind velocities for a lock-in, since oscillation amplitude is larger. (Dyrbye & Hansen
1997, Pozzuoli 2012.)
Figure 6. Experimental investigation of lock in after Feng (1968), from Dyrbye & Hansen
(1997). X axis represents reduced wind velocity and Y axis represents frequency ratio,
where ns is shedding frequency, ne is natural frequency, U is wind velocity and d is depth
of the structure.
3.1.4 Vortex shedding significance
Strength of vortex-shedding induced equivalent forces may be significant for the structure
when critical conditions are met. With low damping of a slender structure, high amplitude
vibrations can occur if the frequency of shed vortices is near the natural frequency of the
structure. The velocity at which this condition is met is called critical velocity. If the
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critical velocity is much higher than the design wind speed, the resonant condition will
not occur. On the other hand, if critical velocity is too low, there will be no problem
because aerodynamic excitation forces will be low. However, significant vibration
response may occur if critical velocity is in range of 10-40 m/s. (Holmes 2001.)
Codes and literature provide simple evaluations of vortex shedding significance based on
slenderness. Taranath (2012) suggests that across-wind response is likely to be more
significant than along-wind response when a building is slender about both axes and the
following criteria is met:
ܪ
√ܤܦ
> 3 (10)
The Japanese standard AIJ – RLB (2004) suggests checking across-wind response if the
same criteria is met. In addition, for rectangular cross-sections AIJ suggests vortex-
induced vibrations and aeroelasticity checks with appropriate wind tunnel tests when the
following condition is met:
ܪ
√ܤܦ
≥ 4  and ቆ ܷு
௅݂√ܤܦ
≥ 0.83 ௅ܷ௖௥∗ ݋ݎ ܷு
௅݂√ܤܦ
≥ 0.83்ܷ௖௥∗ ቇ (11)
where UH is design wind velocity, fL and fT are the first natural periods in across-wind and
torsional direction, ௅ܷ௖௥∗  and ்ܷ௖௥∗  are non-dimensional critical wind speeds for aeroelastic
instability in across-wind, and torsional direction respectively. They are calculated from
Table 6.1 and table 6.2 respectively in AIJ. Also, AIJ suggests that if non-dimensional
wind speed is 0.83 times non-dimensional critical wind speed or closer, vortex-induced
vibrations may occur.
Eurocode suggests that vortex shedding should be investigated for structures when:
ܪ
ܤ
> 6 (12)
where B is smallest across-wind dimension.
In terms of critical velocity, Eurocode suggests that vortex shedding effect does not have
to be investigated when vcrit > 1.25 vm. Also, Eurocode suggests that aeroelastic response
should be considered for flexible structures, which is typically defined as structures with
their first natural frequency being under 1 Hz. Australian/New Zealand standard AS/NZS
1170.2:2011 (2011) suggests that the acceptable across-wind acceleration level may be
exceeded if the following expression is satisfied:
ℎଵ.ଷ
݉଴
> 0.0016 (13)
where h is average roof height above the ground and m0 is average mass per unit height.
American standard ASCE/SEI 7-10 (2010) suggests that a building is susceptible to
vortex-induced and/or torsional vibrations when any of these conditions is met:
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· Building height is over 122 m
· H/b is bigger than 4, where b is the smallest cross-section dimension
· The lowest natural frequency of the building is under 0.25 Hz
· The reduced velocity ௏ഥ೥
௡భ஻೘೔೙
> 5, where തܸ௭ is mean hourly velocity at z = 0.6h.
Bmin is minimum effective width defined as minimum value of ∑ ℎ௜ܤ௜/ ∑ ℎ௜ considering
all wind directions (ASCE/SEI 7-10 2010).
3.1.5 Lift coefficient
As illustrated in Figure 7, aerodynamic load acting perpendicular to the approaching wind
direction is called lift force. Corresponding lift coefficient is defined as:
ܥ௅(t) = ܨ௅(ݐ)ଵ
ଶ
ߩܷଶ݀ℎ
(14)
where FL(t) is lift force acting perpendicular to the surface area, e.g. equal to across-wind
dimension times height dh, ߩ is air density and U is wind velocity. As the structure is
swaying, the lift coefficient is fluctuating, and it is common practice to use the RMS (root-
mean-square) fluctuating lift coefficient value. Essentially, lift coefficient determines the
magnitude of the load.
Figure 7. Lift and drag directions relative to incoming wind direction. (Holmes 2015)
Reynolds number is two or three orders of magnitude larger in full-scale than in wind
tunnels, so it is hard to achieve Re similarity. In the case of rounded shapes, aerodynamic
properties are strongly dependent on Re. However, in the case of sharp-edged bluff bodies
in critical and trans-critical Re ranges, aerodynamic properties are much less sensitive to
Re, but are more sensitive to the angle of attack. This happens because separation tends
to occur at the building corners, whereas for rounded shapes the separation point varies.
Therefore, influence of Re on flow around the building is not significant, especially in
turbulent boundary layer flows. (Pozzuoli 2012.)
Joubert et al. (2015) did computational simulations on a 3D rectangular bluff body and it
was found that the amplitude of lift coefficient fluctuation changes over height. Figure 8
illustrates time-averaged lift coefficient fluctuation over height. This also supports the
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fact from Simiu (2011) that formation of vortices near the top of the building, where
vortex shedding induced loads are most effective, is affected by the roof preventing the
formation of regular vortices.
Figure 8. Time-averaged lift coefficient distribution over the height of the beam for the
point of a) maximum and b) minimum lift during vortex shedding cycle with standard
deviations (Joubert et al. 2015).
3.1.6 Strouhal number
Strouhal number varies for different bluff body shapes and aspect ratios in the case of a
rectangular shape. Numerous experiments on square cross-sectional shapes have been
conducted in wind tunnels. Table 3 presents St and CL,rms from wind tunnel experiments,
full scale measurements and standards.
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Table 3. Comparison of Strouhal numbers for a single square cylinder.
Research Re x 104 Turbulenceintensity CL,rms St
Wind tunnel Nakaguchi et al. (1968) 2-6 Smooth - 0.125
Vickery (1966) 4-16
Smooth 1.32 0.118
10 % 0.67 0.12
Bearman & Trueman
(1972) 2-7 Smooth - 0.125
Reinhold et al. (1977) 1.4 x 102
Smooth 1.07 0.13
12 % 0.86 0.12
Lesage & Gartshore (1987) 3.3 - 1.33 0.13
Knisely (1990) 2.2 0.5 % 1 0.13
Norberg (1993) 1.3 Smooth - 0.132
Lyn et al. (1995) 2.14 2 % - 0.132
Tamura and Miyagi (1999) 3
0.4 % 1.05 0.128
6,5/14,0% 0.37 0.116
Sarioglu & Yavuz (2000) 20 - - 0.12
Noda & Nakayama (2003) 6.89 0.2 % 1.18 0.131
Alam et al. (2011) 4.7 0.5 % 1.18 0.128
Yen & Liu (2011) 2.1 0.4 % - 0.132
Liu et al. (2015) 4.58 0.7 % 1.1 0.135
Andika et al. (2018) 10 - - 0.126
Full scale Xu et al. (2014) 3.8 x 103 - - 0.106
Li et al. (2018) 1.1 x 104 - - 0.12
Standards EN 1991-1-4 - - 1.1 0.12
Canadian Highway bridge
design code - - 0.6 0.11
3.1.7 Scruton number
Scruton number, Sc, is a non-dimensional instability parameter also known as ‘mass-
damping parameter’. It is used to evaluate structure susceptibility to the occurrence of
lock-in condition. Sc is defined as:
ܵܿ = 2ߜ௦݉௘
ߩܾଶ
(15)
where ߜ௦ is structural damping expressed by the logarithmic decrement, me is mass per
unit length, ߩ is air density and b is the width of the structure. For different aspect ratios
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Hansen (2013) suggests the use of a general non-dimensional mass-damping parameter.
Scg is defined as:
ܵܿீ = 2ߜ௦݉௘ߩܾ݀ (16)
where b is along-wind dimension and d is across-wind dimension of the structure. Hansen
(2013) suggests adding a generalized version into future Eurocode revisions. The use of
a generalized non-dimensional mass-damping parameter may reduce uncertainties related
to predictions of vortex-induced and galloping induced vibrations.
Figure 9 represents the susceptibility of a rectangular cross-section to vortex-induced
vibrations. Equation 11 mentioned in the Figure 9 refers to the equation (41) used in
Eurocode.
Figure 9. Square cross-section relative standard deviation of deflection over non-
dimensional mass-damping parameter (Hansen 2013).
3.1.8 Angular dependence
As mentioned in chapter 2.4, aerodynamic characteristics of a square bluff body are
dependent on the angle of attack. Figure 10 illustrates St dependence on angle of attack
as well as negligible dependence on Re.
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Figure 10. Strouhal number variation over the angle of attack with different Re (Huang
et al. 2010).
3.2 Motion perception and human comfort
Perception of structural motion is highly dependent on a given activity. Depending on the
task one is performing the threshold level of acceleration varies. Difference in that
variation of the threshold level is in order of magnitude. Humans are more sensitive to
acceleration when relaxing and less sensitive when performing tasks including
movement. The wide variety of human activity in different kinds of facilities makes
evaluation complicated. Therefore, common practice is to come into agreement with the
customer of the allowed accelerations.
There is no international standard or agreement on the level of acceptable acceleration,
but there are many guidelines given by research and codes, which help in the design
process. To make a good design, acceleration limits for different return periods are to be
considered. Acceleration may be considered as an RMS value, peak value or jerk.
(Pozzuoli 2012.) Meaning of a jerk is the rate of change of acceleration, which may be
primarily responsible for motion perception (McNamara et al. 2002). Debate on
frequency dependence of motion perception is still open, but the usual approach is that
motion perception is frequency dependent.
Research by Burton et al. (2006), Chen & Robertson (1972) and Irwin (1978) suggest that
perception is frequency dependent. AIJ and ISO 6897:1984 (1984) standards follow the
same principle. However, the National Building Code of Canada NBCC (2005), Chinese
code JGJ 3-2002 and the Hong Kong Codes of Practice HKCOP 2004 suggest flat criteria
of peak acceleration 15 milli-g for residential buildings and 25 milli-g for commercial
buildings with a 10-year return period. ISO 10137:2007 (2007) standard’s well-known
curve in Figure 11 is for a one-year return period, but in the code there are also guidelines
for vibrations with a return period of multiple times per day in the Annex C. AIJ gives 5
curves: H-10, H-30, H-50, H-70 and H-90, where the numbers mean 10%, 30%, 50%,
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70% and 90% probability of perception respectively. Figure 11 shows comparison of
these criteria.
Figure 11. Comparison of different standards’ perception limits of 10 minutes mean wind
speed with 1-year return period (Pozos-Estrada et al. 2010).
Melbourne & Palmer (1992) have proposed acceleration limit criterion by equation (17)
for frequency range 0.06 < fe < 1.0 and return period range 0.5 < R < 10.
ܣ௠௔௫ = ඥ2 ln( ௘݂ܶ) (0.68 + 0.2 ln(ܴ) exp (−3.65 − 0.41 ln( ௘݂)) (17)
where Amax is peak acceleration, fe is fundamental natural frequency, T is observation
duration and R is return period.
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4 International design standards and literature
In this chapter the application of Eurocode EN 1991-1-4 and other international major
codes for acceleration prediction will be discussed. The selected codes are Eurocode EN
1991-1-4:2005 (2005) (Europe), NBCC (2005) (Canada), AIJ-RLB-2004 (2004) (Japan)
and AS/NZS 1170.2:2011 (2011) (Australia/New Zealand). These standards are most
frequently used in literature for the comparison and prediction of across-wind response.
Also, the method by Simiu (2011) will be presented. Procedure of across-wind
acceleration response calculations with each code will be presented and a comparative
study between the codes will be made at the end of this chapter.
4.1 Example case
To make a comparison between different methods of calculating response acceleration,
an example building must satisfy the limitations described in 4.2.1 provided by the
standards. The selected building is non-tapered, with the dimensions of 30 x 30 x 200 m
and equal mass distribution. The core and columns of the building are reinforced concrete,
which usually gives the structure a structural damping ratio of 0.02. The building has a
square cross-section with sharp corners and there are no openings.
4.2 Background for the codes
Two commonly used methods to estimate across-wind response due to vortex-shedding
(Holmes 2001):
1. Sinusoidal excitation models
2. Random excitation models (Spectral model)
Majority of standards have adopted spectral models to the guidelines. The standards
limitations, basic wind speed definition, peak factor and tip acceleration calculation will
all be reviewed in this section.
4.2.1 Standards limitations
All across-wind response formulas provided are rough estimations and should be used for
preliminary design. Also, the codes have various applicability limitations related to the
formulas.
In terms of height of the structure, Eurocode and AS/NZS 1170.2 have a limit of 200 m
above the ground. AIJ provides slenderness limit of ு
√஻஽
≤ 6 for rectangular shape.
In terms of how many modes are considered, Eurocode’s first method is the only one that
takes higher modes into account. Eurocode’s second method, NBCC 2005, AIJ, AS/NZS
1170.2 and the method by Simiu are applicable only for a fundamental mode shape.
In terms of building shape, Eurocode’s first method is applicable for rectangular, circular
I, T, L and + shape. Eurocode’s second method is applicable only for square or circular
shapes of cantilever type structures with regular mass distribution. NBCC 2005 standard
is applicable for a regular shape defined as “a building that has no unusual geometrical
irregularity in spatial form”. AIJ limits applicability to a rectangular cross-section with a
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depth-to-width ratio range of 0.2 ≤ D/B ≤ 5. AS/NZS 1170.2 limits applicability to the
rectangular shapes that have the following dimension ratios: 3:1:1; 6:1:1 and 6:2:1
(h:b:d). Method provided by Simiu is limited to square cross-sectional shapes.
In terms of frequency range, all methods are applicable for flexible structures only,
meaning that first natural period of the structure is under 1 Hz. AS/NZS 1170.2 has
defined the lower limit as 0.2 Hz.
AIJ also provides an applicability limit as non-dimensional design wind speed for
rectangular and circular cross-sections respectively:
ܷு
௅݂√ܤܦ
≤ 10 (18)
ܷு
௅݂ܦ
≤ 4.2 (19)
In the method by Simiu there is a limitation in terms of deflection, which is an indication
of aeroelastic instability. Maximum RMS across-wind deflection to the building depth
ߪ௬/D for open terrain is 0.015; suburban terrain 0.025 and 0.045 for centers of large cities.
AS/NZS 1170.2 does not cover structures which have frequencies of two fundamental
modes that are within 10 % of each other and are both under 0.4 Hz. None of the
procedures cover situations where wind channeling is possible due to surrounding
buildings or topography.
4.2.2 Basic wind speed
To get comparable results between different standards, basic wind speed gust duration
and the return period must be scaled accordingly, since the standards are using different
initial conditions of the wind. It is noteworthy that Eurocode’s method 2 does not use
wind speed for calculation of across-wind response.
To get a response acceleration of, say a return period of 10 years, the input wind return
period must also be 10 years. The basic wind speed given by the maps in the standards is
not always a 10-year return period wind, so the standards have a method to scale wind
velocity accordingly. However, the scaling method used in different standards varies
slightly making their comparison inconsistent. In this study this problem will be studied
as two separate wind velocity cases. In the first case, the return period will be scaled to
10 years by using Eurocode and that value will be used in all standards as input. In the
second case, wind velocity will be scaled according to each standard separately.
In the first case the problem is that standards may be calibrated according to tests, and
they are not purely based on local wind conditions, which will make the approach
incorrect. In the second case calculation is based more on the local wind conditions of
each country code, making results incomparable in that sense. The assumption is that
these two methods do not have much difference and that no significant scatter will arise
in response, since the change between methods is minor.
Return period conversion by different standards, T being defined as return period and V50
is defined as wind speed of 50 years return period:
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Eurocode EN 1991-1-4:
்ܷ = ହܷ଴ ቌ1 − ܭ݈݊ ቀ− ln ቀ1 − ଵ்ቁቁ1 − ܭ݈݊(− ln(0.98)) ቍ௡ (20)
where K = 0.5 and n = 0.5.
ASCE 7-10 for the method by Simiu:
்ܷ = ହܷ଴(0.36 + 0.1 ln(12ܶ)) (21)
AIJ:
்ܷ = ହܷ଴݇௥ௐ (22)
where
݇௥ௐ = 0.63(ߣ௎ − 1) ln(ܶ) − 2.9ߣ௎ + 3.9 (23)
where ߣ௎ is approximated as 1.1 from Japanese wind maps: Figures 6.1 and 6.4 in AIJ.
NBCC 2005:
்ܷ = ହܷ଴ܫ௪ (24)
where Iw is importance factor defined as 0.75 for SLS design in NBCC 2005 Table 4.1.7.1.
It is assumed that the definition in NBCC 2005 for SLS condition is 10 years return
period.
AS/NZS 1170.2:2011:
்ܷ = ହܷ଴ܥ (25)
where C is taken as the average of ratios between U10- and U50-values for non-cyclonic
wind speeds defined in AS/NZS 1170.2:2011 Table 3.1. The value of C is 0.84.
The basic wind speed selected is 10 minutes mean peak at 10 meters above the ground in
terrain category I. The value suggested by National Annex of Finland of SFS EN 1991-
1-4:2005 (2016) is 21 m/s in a 50-year return period wind speed for terrain category II,
which is used as the basic wind velocity for other standards in this study. It is assumed
that topography, directionality, shielding and seasonal factors are 1.0.
The used peak gust durations in standards for calculation of across-wind acceleration
response are listed in Table 4. Conversion of gust durations is made with the help of
Figure 1 by Liu (1991). Converted wind velocities are listed also in Table 4. Converting
return period by Eurocode is a conservative approach.
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Table 4. Comparison of basic wind velocities for different standards.
4.2.3 Sinusoidal model
The main assumption in sinusoidal model is that vortex-induced load is near-sinusoidal
and therefore the responses are also sinusoidal. These models are deterministic rather than
random. Sinusoidal models are good for situations where large oscillations occur, and the
structure is in lock-in condition. Assumptions leading to this model are not very accurate
for structures vibrating in turbulent wind conditions. However, the sinusoidal model is
useful in the early stages of design to examine if vortex-induced vibrations are potentially
occurring.
The ratio of vibration amplitude to the tower breath at the tip can be evaluated as (Holmes
2001):
ݕ௠௔௫
ܾ
= ݇ܥ௅4ߨܵܿܵݐଶ (26)
where k is a parameter dependent on the model shape vibration, CL is lift coefficient, Sc
is Scruton number. Scruton number is a “mass-damping parameter”, which evaluates how
sensitive a structure is to lock-in due to vortex-shedding. Sc is defined as:
ܵܿ = 4ߨ݉ߟ௝
ߩܾଶ
(27)
where m is average mass per unit length along the structure, ߟ௝ is critical damping ratio
for jth mode and ߩ is air density. For a Scruton number > 20 there is no risk of lock-in
based on empirical experience. On the other hand, for Sc < 10, the risk of “lock-in” is
apparent. For structures with a Sc of approximately 5-10 with the combination of
stratification of air, wind direction and critical velocity, large vibrations may occur with
a return period of 10-20 years. (Dyrbye & Hansen 1997.)
4.2.4 Spectral model
Spectral model considers wind as a random process, treating it as a power spectrum.
Modal approach is used to obtain a response spectrum. Vickery & Clark (1972) originally
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proposed the spectral model to predict vortex shedding induced vibrations. In the case of
vortex-shedding frequency “locking in” to the natural frequency of the structure, the
magnitude of fluctuating across-wind forces increases significantly. Aerodynamic
damping can be described as ay-by3, where the first, linear term describes negative
aerodynamic damping and the second nonlinear term describes positive damping related
to self-limiting response. For amplitudes of 5-10 %, aerodynamic damping is described
accurately enough with the first, linear term. (Hansen 2007.) The Aerodynamic damping
ratio ζa is given by Vickery and Basu (1983):
ߞ௔ = ߩܾ௥௘௙ଶ݉௘ ܭ௔,௥௘௙ ൭ߛ௄ − ቆ ߪ௬,௥௘௙ߛ௔௅ܽ௅,௥௘௙ܾ௥௘௙ቇଶ൱ (28)
Assuming reference velocity pressure as ݍ௥௘௙ = ଵଶ ߩܾ௥௘௙ଶ ݊௘ଶ/ܵݐଶ, where ߩ is air density,
the combined formula for standard deviation of the structural deflection (38) is then used
in method 2 of Eurocode.
4.2.5 Peak factor
The peak factor kp depends on the type of vibration. For a single harmonic sinusoidal
vibration kp equals √2 and for a stochastic type of response kp equals approximately 4.
The response type caused by vortex shedding is typically something between those two
extremes. (Dyrbye & Hansen 1997.) The following expression was proposed by
Ruscheweyh and Sedlacek (1988):
݇௣ = √2 ቌ1 + 1.2tan ቀ0.75 ௌ௖
ସగ௄ೌ
ቁ
ቍ (29)
where Ka is an aerodynamic parameter.
In most of the standards peak factor for peak acceleration is similar to one another. The
general expression of the peak factor is:
݃ = ඥ2 ln(߬ܶ) + 0.5772
ඥ2 ln(߬ܶ) (30)
where T is sample time and ߬ is average upcrossing frequency.
4.2.6 Input information for calculations
Wind speed is defined in 4.2.2. The following information is used for calculations:
· Building height: 200 m
· Building across-wind dimension: 30 m
· Building width: 30 m
· Building mass: 64115003 kg
· Damping ratio in across- and along-wind direction: 0.02
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· Air density: 1.23 kg/m3
· Fundamental frequency in across- and along-wind direction: 0.139 Hz
· Terrain category I in Eurocode.
· Return period: 10 years
4.2.7 Acceleration
Stochastic process is a process, in which the numerical outcome at any given moment of
time or position in space is random and can only be predicted with certain probability.
Horizontal acceleration and deflection of high-rise buildings are stochastic processes
consisting of mean and fluctuating components. (Strømmen 2010.) In the case of across-
wind response, the mean component is zero. (Holmes 2001.) Horizontal peak acceleration
̈ݑ௠௔௫ is proportional to the standard deviation of acceleration:
̈ݑ௠௔௫ = ݇௣ߪ௨̈ (31)
4.3 Eurocode EC-1991-1-4
Eurocode proposes two different methods to predict vortex-induced vibrations. Method
1, presented in EN 1991-1-4 Annex E, E.1.5.2 is based on vortex-resonance (sinusoidal)
model. This model has been compared to full-scale measurements of chimneys in
Denmark. In conclusion, that model overestimates frequent load, but underestimates rare,
extreme events due to special meteorological events. (Dyrbye & Hansen 1997.) Method
2, presented in EN 1991-1-4, E.1.5.3 is based on the spectral (random excitation) model.
It takes both rare and frequent events into account including turbulence effect in the
vibration amplitudes predicted.
4.3.1 Method 1
Sinusoidal approach is adopted in Eurocode as follows:
ݕ௠௔௫
ܾ
= ܭ௪ܭܥ௟௔௧
ܵܿܵݐଶ
(32)
where Strouhal number St is given in Figure E.1 in Eurocode. Kw is an effective
correlation length factor given for cantilever type of structures as follows:
ܭௐ = 3 ܮ௝ ܾ⁄ߣ ൥1 − ܮ௝ ܾ⁄ߣ + 13 ቆܮ௝ ܾ⁄ߣ ቇଶ൩ (33)
where ߣ is l/b and Lj is correlation length. Lj/b is function of vibration amplitude yF(sj)/b
and is given as:
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ܮ௝
ܾ
=
⎩
⎪⎪
⎨
⎪⎪
⎧ 6, ݕி൫ݏ௝൯
ܾ
< 0.14.8 + 12 ݕி(ݏ௝)
ܾ
, 0.1 ≤ ݕி൫ݏ௝൯
ܾ
≤ 0.612, ݕி൫ݏ௝൯
ܾ
 > 6
(34)
This step is an iterative process, since the deflection is unknown at this point, meaning
that the initial guess must be done in terms of deflection.
K is a mode shape factor given in Eurocode Table E.5. clat is a lateral force coefficient,
which may be interpreted as lift coefficient. It is given as:
ܿ௟௔௧ =
⎩
⎪⎪
⎨
⎪⎪
⎧ ܿ௟௔௧,଴, ݒ௖௥௜௧,௜ݒ௠,௅௝ ≤ 0.83
ܿ௟௔௧,଴ ቆ3 − 2.4 ݒ௖௥௜௧,௜ݒ௠,௅௝ ቇ , 0.83 ≤ ݒ௖௥௜௧,௜ݒ௠,௅௝ < 1.250, ݒ௖௥௜௧,௜
ݒ௠,௅௝  ≥ 1.25
(35)
where vcrit,i is critical wind velocity for mode i and vm,Lj is mean wind velocity in the center
of the effective correlation length Lj.
Scruton number Sc is given as:
ܵܿ = 2ߜ௦݉௜,௘
ߩܾଶ
(36)
where ߜ௦ is the structural logarithmic decrement of damping, ߩ is  air  density,  b  is
reference width of the cross-section and ݉௜,௘ is equivalent mass ݉௘ per unit length for
mode i defined as:
݉௜,௘ = ∫ ݉௭Φଵଶ݀ݖ௛଴
∫ Φଵ
ଶ݀ݖ
௛
଴
(37)
where ݉௭ is mass per unit length and Φଵ is the fundamental mode shape parameter
defined as:
Φଵ = ቀݖℎቁ఍ (38)
where z is height above the ground and h is height of the structure.
Peak acceleration is not given in Eurocode directly, but it is solvable for both methods
with the following formula:
ܽ = (2ߨ ௡݂ .௜)ଶݕ௠௔௫ (39)
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4.3.2 Method 2
The random excitation model is adopted in Eurocode as follows:
Maximum displacement at the point with the largest movement is given as:
ݕ௠௔௫ = ߪ௬݇௣ (40)
where kp is peak factor and ߪ௬ is the standard deviation of deflection at the point where
the mode shape has its largest deflection (Φ = 1). ߪ௬ is given as:
ߪ௬
ܾ
= 1ܵ
ݐଶ
ܥ௖
ටௌ௖
ସగ
− ܭ௔ ൬1 − ቀ
ఙ೤,೘ೌೣ
௔ಽ௕
ቁ
ଶ
൰
ඨ
ߩܾଶ
݉௘
ඨ
ܾ
ℎ
(41)
where Cc is aerodynamic coefficient, Ka is the aerodynamic damping parameter and aL is
the normalized limiting amplitude, all given in Eurocode Table E.6. ߩ is air density, me is
effective mass per unit length and Sc is Scruton number, which is solvable from the
equation (36). Ka,max, given in Eurocode Table E.6, is the parameter taking into account a
rare, smooth air flow weather condition mentioned in 2.3.2 (Hansen 2007).
Solution to the equation (41) is given as:
ቀ
ߪ௬
ܾ
ቁ
ଶ  = ܿଵ + ටܿଵଶ + ܿଶ (42)
where ܿଵ and ܿଶ are given as:
ܿଵ = ܽ௅ଶ2 ൬1 − ܵܿ4ߨܭ௔൰ ; ܿଶ = ߩܾଶ݉௘ ܽ௅ଶܭ௔ ܥ௖ଶܵݐସ ܾℎ (43)
Peak factor kp for intermediate amplitudes is solvable by the equation (29). Peak
acceleration is solvable by the equation (31).
4.4 NBCC 2005
Essentially in NBCC 2005 the peak acceleration is calculated by multiplying peak factor
by RMS of acceleration. Peak across-wind acceleration on top of the building is given as:
ܽ௪ = ݊௪ଶ ݃௣√ܹܦ ቆ ܽ௥
ߩ஻݃ඥߚௐ
ቇ (44)
where nw is first modal frequency and ߚௐ is the ratio of critical damping in across wind
direction. gp is peak factor, W is structure’s across-wind dimension, D is structure’s along-
wind dimension, ߩ஻  is structure’s density and g is gravity constant.
ar is defined as:
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ܽ௥ = 78.5ݔ10ିଷ ቈ ுܸ
݊௪√ܹܦ
቉
ଷ.ଷ (45)
where VH is mean wind velocity at the top of the structure, which is calculated by:
ுܸ = ܸඥܥ௘ (46)
where V is reference wind speed, Ce is exposure factor, which varies for each terrain
category and is proportional to ൬ ௓
௓ೝ೐೑
൰
ఈ
 where ܼ௥௘௙ is reference height and ߙ is power
exponent, both dependent on terrain category.
Peak factor is defined as:
݃௣ = ඥ2 ln(߭ܶ) + 0.577
ඥ2 ln(߭ܶ) (47)
where T is taken as 3600 s and v, the average fluctuation rate, is defined as:
ݒ = ݊଴ඨ ݏܨݏܨ + ߚ஽ܤ (48)
where ݊଴ is fundamental natural frequency and ߚ஽ is critical damping ratio in along-wind
direction. B is defined from Figure 12 or by following equation:
ܤ = 43 න ቎ 11 + ௫ு
ସହ଻
቏ ቎
11 + ௫ௐ
ଵଶଶ
቏ ൥
ݔ(1 − ݔଶ)రయ൩
వభర
ಹ
଴
݀ݔ (49)
where H is height of the structure.
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Figure 12. Background turbulence factor B.
Size reduction factor s is defined from Figure 13 or by following equation:
ݏ = ߨ3 ቎ 11 + ଼௡బு
ଷ௏ಹ
቏ ቎
11 + ଵ଴௡బௐ
௏ಹ
቏ (50)
Figure 13. Size reduction factor s.
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Gust energy ratio F is defined from Figure 14 or by following equations:
ݏ = ݔ଴ଶ(1 + ݔ଴ଶ)రయ (51)
ݔ଴ = ൬1220݊଴
ுܸ
൰ (52)
Figure 14. Gust energy ratio F.
4.5 AIJ
Derivations for wind load recommendations of AIJ are explained in detail by Tamura et
al. (1996). The AIJ standard does a great job in providing explanations alongside the
design procedure, helping the designer to understand phenomena and relations. Formula
for across-wind acceleration is given as:
ܽ௅௠௔௫ = ݍு݃௔௅ܤܪܥᇱ௅ߣඥܴ௅ܯ௅ (53)
where B is across-wind dimension of the building, H is building height and ML is the
generalized mass of the building in across-wind direction. Peak factor gaL is given as:
݃௔௅ = ඥ2 ln(600 ௅݂) + 1.2 (54)
where fL is fundamental frequency for the first mode in across-wind direction.
qH is wind velocity pressure given as:
ݍு = 12 ߩܷுଶ (55)
where ߩ is air density and UH is design wind speed.
C’L is RMS overturning moment coefficient given as:
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ܥᇱ௅ = 0.0082 ൬ܦܤ൰ଷ − 0.071 ൬ܦܤ൰ଶ + 0.22 ൬ܦܤ൰ (56)
where D is along-wind dimension of the building.
ߣ is given as:
ߣ = 1 − 0.4ln (ߚ) (57)
where ߚ = 1 for conventional building and ߚ = 2 for lattice structure.
Resonance factor RL is given as:
ܴ௅ = ߨܨ௅4ߞ௅ (58)
where ߞ௅ is critical damping ratio for the first mode in across-wind direction. FL and
required parameters for FL are given as:
ܨ௅ = ෍ 4ߢ௝൫1 + 0.6ߚ௝൯ߚ௝ߨ௠
௝ୀଵ
൬
௙ಽ
௙ೞೕ
൰
ଶ
ቊ1 − ൬
௙ಽ
௙ೞೕ
൰
ଶ
ቋ
ଶ + 4ߚ௝ଶ ൬ ௙ಽ௙ೞೕ൰ଶ (59)
ߢଵ = 0.85
ߢଶ = 0.02
݉ = ൜1, ܦ/ܤ < 32, ܦ/ܤ ≥ 3 (60)
௦݂ଵ = 0.12
൜1 + 0.38 ቀ஽
஻
ቁ
ଶ
ൠ
଴.଼ଽ ܷுܤ (61)
௦݂ଶ = 0.56
ቀ
஽
஻
ቁ
଴.଼ହ ܷுܤ (62)
ߚଵ = ቀ஽஻ቁସ + 2.3 ቀ஽஻ቁଶ
൜2.4 ቀ஽
஻
ቁ
ସ
− 9.2 ቀ஽
஻
ቁ
ଷ + 18 ቀ஽
஻
ቁ
ଶ + 9.5 ቀ஽
஻
ቁ − 0.15ൠ 0.12஽஻ (63)
ߚଶ = 0.28
ቀ
஽
஻
ቁ
଴.ଷସ (64)
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4.6 AS/NZS 1170.2:2011
Australian/New-Zealand combined joint standard AS/NZS 1170.2:2011 provides the
following equation for solving across-wind acceleration:
̈ݕ௠௔௫ = 1.5ܾ݃ோ݉଴ ൥0.5ߩ௔௜௥ൣ ௗܸ௘௦,ఏ൧ଶ(1 + ݃௩ܫ௛)ଶ ൩ ܭ௠ඨߨܥ௙௦ߞ (65)
where b is across-wind dimension of the building, ݉଴ is average mass per unit height,
ߩ௔௜௥  is air density, ௗܸ௘௦,ఏ is design wind speed, ߞ is damping ratio and gv is peak factor
for upwind velocity fluctuations, which may be taken as 3.7.
gr is peak factor given as:
݃ோ = ඥ2 ln(600݊௘) (66)
where ne is fundamental frequency for the fundamental mode in across-wind direction.
Km is mode shape correction factor given as:
ܭ௠ = 0.76 + 0.24݇ (67)
where k is mode shape exponent taken as 1.5 for uniform cantilever structures.
Ih is turbulence intensity taken from Table 6.1 in AS/NZS 1170.2. Cfs is across-wind force
spectrum coefficient generalized for a linear mode shape given in AS/NZS 1170.2 clause
6.3.2.3 and it is the function of reduced velocity given as:
௡ܸ = ௗܸ௘௦,ఏ݊௘ܾ(1 + ݃௩ܫ௛) (68)
4.7 Method by Emil Simiu
Simiu (2011) provides procedure to estimate across-wind response. Formula for
calculating across-wind acceleration is purely empirical based on wind tunnel tests and is
restricted to square cross-section only, with no neighboring tall buildings. (Simiu 2011.)
goes through wind design by ASCE/SEI 7-10 in detail and provides his own formulas for
across-wind and torsional response. Peak deflection at height z is given as (Simiu 2011):
ݕ௣௞ (ݖ) = ܥ ቈ തܸ(ܪ)
݊ଵ√ܣ
቉
௣
√ܣ
ߞଵ
ଵ/ଶ ߩߩ௕ ݖܪ (69)
where C and p are empirical constants given as 0.00065 and 3.3 respectively from Simiu
(2011). തܸ(ܪ) is mean hourly wind velocity at H above the ground, ݊ଵ is fundamental
frequency, A is area of the cross-section, ߞଵ is damping ratio for the first mode, ߩ is air
density, ߩ௕  is building mass per unit length and H is building height.
Peak acceleration in across-wind direction at height z is then calculated by:
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̈ݕ௣௞(ݖ) = (2ߨ݊ଵ)ଶݕ௣௞(ݖ) (70)
4.8 Results and discussion
Tables 5 and 6 show the results for across-wind peak accelerations calculated by the
standards. In Table 5 return period is converted by Eurocode for all standards and in Table
6 return period is converted by each standard separately.
It should be noted that acceleration response given by Eurocode is extremely high, being
two to three magnitudes higher than acceleration response given by other standards.
Similar results were found by Granroth (2019) and Kortelainen (2012). Results from
Eurocode calculations will not be considered in the calculation of coefficient of variation.
By closer investigation in method 2, making a comparison with the study by Hansen
(2013) referring to Figure 9, there was a difference in the used Ka factor, which has
remarkable influence on the result. Eurocode suggests that the given value of Ka,max is for
0% turbulence intensity scenario, and it is a very conservative assumption for calculations
of higher turbulence intensity. Also, the method provided by Eurocode to evaluate across-
wind response might be insufficient for conventional high-rise buildings since it is
developed originally for stacks and chimneys.
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Table 5. Serviceability results. Return period calculated by Eurocode.
Table 6. Serviceability results. Return period calculated by each code separately.
Coefficient of variation (CoV) for the results from Table 5 is 53.4% and for results from
Table 6 it is 42.8%. Variation is much higher compared to other studies presented in 4.9.
This might be due to different initial values of wind speed, which has a significant impact
on the result. Gust duration conversions might differ slightly between the studies. It is
also possible that the standard procedures have been interpreted in a different way.
Results are quite scattered, which points to a difficulty predicting the across-wind
acceleration. It is mentioned in the literature and the standards that procedures provided
by the standards are for rough, preliminary estimations and not for actual final design use.
Wind tunnel tests are most appropriate to be used in design procedures, since they give
the most accurate prediction of the response after full-scale measurements (Dyrbye &
Hansen 1997, Irwin et al. 2013).
4.9 Studies on comparison
Many studies have been made to compare results of different country specific standards.
In the study by Holmes et al. (2008) 8 different standards were used to compare across-
wind acceleration response of high-rise buildings and a CoV of 17.6% (15.2% calculated
by myself) was observed. Kwon & Kareem (2013) compared 5 international standards in
terms of across-wind acceleration response with three cases. CoV in the cases were
27.9%, 15.4% and 17.7% and a bigger CoV was observed in across-wind responses
compared to along-wind peak acceleration responses. In the study by Kijewski & Kareem
(1998) 3 different standards were compared for 4 different wind speeds. The CoV for
these velocities were 15.4%, 19.5%, 23.1% and 24.7%. In the study by Tozan et al. (2013)
5 different standards were compared and CoV was 56.9%.
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The average CoV in these studies is 24.0%, meaning that there is quite some scatter in
the prediction of across-wind acceleration response. Also, CoV tends to be smaller with
higher wind speed. From the same series of studies, the average of CoV in along-wind
acceleration is 20.8%, meaning that across-wind response is harder to predict. Vortex
shedding phenomenon is more complex than along-wind oscillation, so the design process
must consider that fact.
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5 2D Finite element approach to estimate response
In this chapter 2D FEM (finite element method) design procedure will be proposed. This
procedure will be used in conjunction with finite element analysis program RFEM. The
first three natural frequency modes in x-direction are extracted from RFEM model. With
this procedure the resulting dynamic equivalent force from vortex shedding acting on
cladding is calculated. This force is then applied back to the RFEM model in chapter 6
and acceleration response of the structure will be obtained from RFEM calculations.
5.1 Model type
There are two fundamental options to model response in wind induced vibrations: the
sinusoidal model and the band limited random forcing model. In the sinusoidal model
load is harmonic rather than random. Canadian highway bridge design code (CSA S6-14
2014) suggests based on (Davenport et al., Vickery & Clark 1972, Harris & Crede 1976,
Wootton 1969) that the random excitation model is considered more accurate than the
harmonic, sinusoidal model. Sinusoidal oscillation happens when amplitude of the motion
is large enough, in the order of 2.0% to 2.5%. On the other hand, the sinusoidal model
leads to a more conservative estimation and it is easier to apply. The differences of these
models are explained in sections 4.2.3 and 4.2.4. In this method presented the sinusoidal
model will be used.
Assuming vortices are shed regularly, the formula for fluctuating time dependent lift load
due to vortex shedding is (Dyrbye & Hansen 1997):
௅ܲ(ݐ) = 12 ߩܦܷଶܥ௅sin (2ߨ ௡݂ݐ) (71)
where ߩ is air density, U is mean wind velocity, t is time and fn can be taken as natural
vibration frequency of the structure or shedding frequency.
5.2 Frequency range for lock-in condition
From the lock-in theory it is assumed that there is a range of wind velocities over which
the shedding frequency and the natural frequency of the structure lock-in into each other.
The big challenge is to define the range of these frequencies over which lock-in occurs.
Foley et al. (2004) and Dyrbye & Hansen (1997) recommends using lower ௦݂௅  and upper
௦݂
௎ bound for frequencies over which shedding occurs in lock-in condition. They can be
calculated by:
௦݂
௅ = ௦݂ − ௦݂ᇱ = ܵݐ ഥܷ௭ܦ − ܵݐݑത௭ᇱܦ = ௦݂ ቈ1 − ݑ௭ᇱഥܷ௭቉ (72)
௦݂
௎ = ௦݂ + ௦݂ᇱ = ܵݐ ഥܷ௭ܦ + ܵݐݑത௭ᇱܦ = ௦݂ ቈ1 + ݑ௭ᇱഥܷ௭቉ (73)
where U is the mean component of the wind at height z, and ݑ௭ᇱ  is the turbulent component
at height z.
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Turbulent component is assumed to be Gaussian distributed, zero-mean, random variable.
Based on experiments standard deviation of the turbulent component is defined as
(Dyrbye & Hansen 1997):
ߪ௨ = ܣݑ∗ (74)
where A = 2.5 for roughness length ݖ଴ = 0.05 m or A = 1.8 for roughness length ݖ଴ = 0.3
m. The friction velocity ݑ∗ can be solved by (Dyrbye & Hansen 1997):
ݑ∗ = ഥܷ௭ߢln ቀ ௭
௭బ
ቁ
(75)
where k is von Karman’s constant, which can be approximated as 0.4. An estimate of
standard deviation of turbulent component at height z may be written as:
(ߪ௨)௭ = ܣ ഥܷ௭ߢln ቀ ௭
௭బ
ቁ
(76)
Frequency boundaries are assumed to be based on peak turbulent wind component
variation from mean wind velocity U. Peak variation in turbulent wind component from
the mean is assumed to be 1(ߪ௨). Upper and lower bound for shedding frequency may be
rewritten as:
௦݂
௅ = ௦݂ ቈ1 − ݑ௭,௠௔௫ᇱ ഥܷ௭ ቉ = ௦݂ ൤1 − 1(ߪ௨)௭ഥܷ௭ ൨ (77)
௦݂
௎ = ௦݂ ቈ1 + ݑ௭,௠௔௫ᇱ ഥܷ௭ ቉ = ௦݂ ൤1 + 1(ߪ௨)௭ഥܷ௭ ൨ (78)
A range of 10-20% of the shedding frequency for the frequency range is commonly used
by literature (Taranath 2012, Paidoussis et al. 2011).
Another challenge is to estimate longitudinal synchronization of vortex shedding. It may
be approximated by correlation length, which is the length over which vortices act in
phase. (Dyrbye & Hansen 1997.) A conservative solution is to apply a sinusoidal load on
the length, determined by lower and upper boundaries of the frequency.
5.3 Design procedure
Design procedure is adopted from Foley et al. (2004) for square cross-section. This design
procedure is strictly for square cross-section with sharp corners. In the case of a different
cross-section, St, CL and critical range of Re must be re-evaluated.
1. Determine wind velocities at the reference height 10 m that will be used for
design.
2. Discretize the height of the structure into intervals suitable for evaluation. In a
tapered case calculate average across-wind dimension d of each finite element.
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3. Calculate wind velocity over the whole height at the center of each finite element
for each reference wind velocity in range. Power law, logarithmic law or suitable
standard may be chosen for this procedure.
4. Based on wind velocities calculated in step 3, calculate Re for each finite
element with equation (9). Investigate what values of St and CL should be used
for a given Re.
5. Based on equation (8) calculate shedding frequency for each finite element.
6. For each velocity in step 1 and each shedding frequency defined in step 5
calculate the lower- and upper-range for shedding frequencies using equations
(77) and (78).
7. Calculate sinusoidal load at each considered location for each vibration mode at
the range from lower to upper shedding frequency for each element with
equation (71).
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1. 2. 3.) Velocities used at the reference height of 10 m are 5-35 m/s. The building is
divided into 4 m long finite elements in vertical direction. Wind velocities were calculated
for each finite element with logarithmic law equation (2). Only the calculations for a wind
velocity range of 23-35 m/s is showed in this chapter. Full tables are shown in Appendix
7. (Table 7)
Table 7. Wind speed variation over height.
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4.) Reynolds number was calculated for each finite element with equation (9). Values of
Re are all above 7 x 107 which means that St = 0.11 and CL = 1.1 may be used for further
calculations for every finite element (Table 8).
Table 8. Reynolds Numbers for wind speeds over height.
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5. and 6.) Shedding frequency was calculated for each finite element with equation (8).
Red marked cells are of matching natural frequency of the structure with a range of ±0.001
and yellow marked cells are within frequency boundaries of the lock-in region (Table 9
and Table 10).
Table 9. Shedding frequency in each finite element.
Table 10. Shedding frequency upper and lower boundaries for the first natural frequency.
Mode fs [Hz] z [m] z0 [m] A ࣄ (sv)z fsL [Hz] fsU [Hz]
1 0.139 160 0.05 2.5 0.4 4.69 0.121 0.157
7.) There are vortex shedding induced forces acting on the center of each element for a
specified frequency domain. In this example, in the wind speed domain of 27 m/s basic
wind speed, shedding frequency matches the natural frequency of the structure at z = 160
m. (Table 11)
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Table 11. Vortex shedding induced equivalent forces acting on each element for 15 m/s
and 27 m/s basic wind velocities.
5.4 Flowchart for design procedure of other shapes
Different cross-sectional shapes have a significant impact on the response of the structure.
The following steps illustrate what information needs to be found in the case of a different
shape:
1. Find Strouhal number for the shape investigated and its dependence on angle of
attack and Reynolds number.
2. Find lift coefficient for the shape investigated and its dependence on angle of
attack and Reynolds number. Investigate how lift coefficient varies between
smooth and turbulent flow.
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3. Find the critical range(s) of Reynolds number, where vortices are shed
alternatively from the sides. There might be a region of Re, where vortices are
shed chaotically behind the bluff body and therefore cannot create high amplitude
vibration.
4. Find the critical angle of attack in terms of the biggest lift force. Investigate other
angles of attack as well, since shedding frequency will change if St changes with
angle of attack, and the zone of resonance might hit a more critical area.
Canadian highway bridge design code (CSA S6-14 2014) has a suggestion that in case of
a tapered structure, the shedding frequency varies over the length of the structure. As the
frequency increases, resonant vibration occurs first at the thinner part of the structure,
distributing towards the wider part as the wind velocity increases. Effectively, critical
wind velocity should be treated as a range, being directly dependent on cross-section
dimension change. For the vibration mode i, maximum and minimum of the critical
velocity can be expressed as:
௜݂ ݀௠௜௡
ܵݐ
≤ ௖ܸ௥ ≤
௜݂݀௠௔௫
ܵݐ
(79)
Tapered shape reduces continuity in longitudinal direction as the theoretical shedding
frequency changes along the height as illustrated in Figure 4. (Simiu 2011.)
In the case of more complex shapes, such as non-symmetric, helical or corner cuts, the
initial simplified procedure is unreliable, because there is very little research done for
special shapes and it is hard to find basic parameters, which define the load magnitude.
Davenport (1971) did wind tunnel experiments for six different building shapes with
similar mechanical properties. A simplified illustration of the peak deflections of different
shapes in comparison to each other is found in Figure 15.
Figure 15. Effect of the shape of the cross-section on maximum deflection (Davenport
1971).
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5.5 Contribution of higher modes
When only the contribution of the first vibration mode to acceleration is investigated,
response may be corrected by increasing it to take higher modes into account. Li et al.
(2009) suggests that the total increase of acceleration should be 6% in that case.
5.6 Accuracy of the model
There are two assumptions that make this model strongly conservative. Referring to
Figure 8, assumption of a constant lift coefficient over the whole height may produce a
total force around two times bigger. Assumption of vortices acting in phase over such a
long distance over the height may produce two to ten times bigger force than in reality.
Lock-in condition requires oscillations that are big enough to form vortices in phase over
a long distance, which is much harder to achieve in the case of high-rise buildings in
comparison with chimneys.
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6 3D Finite element approach to estimate response
In this chapter a 3D FEM model will be made in Dlubal RFEM 5.22.01. The model is a
30 x 30 x 200 m simplified typical high-rise building. Modal properties are extracted from
the model for 2D FEM analysis, from where obtained load history is used as input into
the 3D model. Modal and mass properties obtained from RFEM will be used in the
calculations by standards. Maximum acceleration will be obtained from this model as a
result to be compared with the standards.
6.1 Building properties and configuration
The building is a basic reinforced concrete high-rise building with columns on the outer
perimeter and a shear wall core in the center along the whole height. General floor plan
is illustrated in Figure 16. The whole model is illustrated in Figure 17.
Figure 16. General floor plan and columns layout.
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Figure 17. 3D view of the whole model.
The model was configured with the following properties:
· Reinforced concrete structure with walls at the core and columns at the perimeter.
· Building height is 200 m with a floor height of 4 m.
· Width in both directions is 30 m.
· Thickness of the slabs is 300 mm.
· Core wall thickness is 400 mm.
· The cross-section of the columns is 1000 x 1000 mm squared.
· Concrete of C70/85 strength was used for columns and shear walls and C35/45
was used for slabs.
· Vertical concrete structures are assumed to be uncracked.
· Bending and torsional stiffness of slabs is assumed to be 0.25.
· Damping is taken as 0.02.
· Loads used are self-weight, live load and wind load.
· Building is for office usage with a live load of 4 kN/m2.
· Live load is reduced to 0.3 in load combination.
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· The supports for the columns are modelled as fixed in translation in X, Y and Z
directions and fixed rotation around Z axis.
· The supports for the shear walls are modelled as fixed in translation in X, Y and
Z directions and free to rotate around all axes.
6.2 Modal analysis
Natural frequencies were calculated with a RF-DYNAM add-on module in RFEM. The
building’s first three natural vibration frequencies in X-direction are:
1. 0.139 Hz
2. 0.617 Hz
3. 1.511 Hz
6.3 Dynamic wind analysis
6.3.1 Settings setup
Dynamic wind analysis is performed with RF_DYNAM Pro add-on module in RFEM.
The setup options are described in this section. The mass cases that were included in
analysis were self-weight and live load. In the mass combination 100% of self-weight and
30% of live load were used for analysis. In the “Natural vibration cases” tab, the lowest
4 eigenvalues were selected. Figure 18 and Figure 19 shows other options related to mesh
and solving parameters.
Figure 18. Mesh parameters.
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Figure 19. Calculation parameters.
Wind load is modelled based on 2D analysis and static values are taken from Table 11.
Dynamic behavior is added in “Time diagrams” tab as a function. The function used is
sinusoidal part of the equation (71):
݇(ݐ) = sin (2ߨ ௦݂ݐ) (80)
where fs is shedding frequency. Recommended time-step size by Hernandez & Brebbia
(2007) for sinusoidal simulation is:
∆ݐ = 120݂ (81)
where f is the frequency examined. The examined period is defined by trial. Acceleration
response is evened out after 250 s, so 300 s and 400 s examination times were used. Time
history and dynamic load setups are shown in Figure 20 and Figure 21.
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Figure 20. Time diagram setup.
Figure 21. Dynamic load setup.
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6.3.2 Load setup
Wind load is modelled as line load acting at each floor slab within the frequency range in
height. Values are calculated by design procedure found in chapter 5.3, where the final
used values are presented in Table 11.
Shedding frequency for non-resonant cases was selected to be at the same height as it
would be for a resonant case, which is at 160 m in this case. The frequency range was
calculated as presented in chapter 5.2. This method is not fully accurate since it is assumed
that the vortices that formed, act in phase as it would be in a lock-in condition, which
happens only at a region where the shedding frequency matches the natural frequency.
This is a strongly conservative assumption in that sense.
In total 11 simulations were made for the range of basic wind velocities between 14-27
m/s. 14 m/s was selected as the lower boundary to compare the result with the codes that
have has 1-hour average response times. 27 m/s was selected as the upper boundary since
it is the lowest wind speed, where the shedding frequency meets the natural frequency of
the building. Also, 27 m/s happens to be roughly equivalent to the maximum of 3-s gust,
which is the gust duration used in AS/NZS 1170.2 standard as initial value. For the higher
wind speeds, the resonant frequency height would be lower a height as can be seen from
Table 9, making the results harder to compare. However, in a real design it would be
necessary to check the response also at the higher wind speeds.
6.3.3 Results
The measured acceleration is at the top corner of the building. Accelerations seems to
even out in all simulations at the latest after 250 seconds. In all simulations, except in the
resonant simulation, fluctuation of acceleration with constant frequency is observed in
the beginning of the simulation. However, that frequency varied between simulations,
comparing Figure 22 and Figure 23 for example. Figure 24 shows a simulation at
resonance frequency and an acceleration of 381 milli-g response was observed, which is
extremely high.
Figure 22. Acceleration response at the top of the building with 18 m/s basic wind speed.
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Figure 23. Acceleration response at the top of the building with 23 m/s basic wind speed.
Figure 24. Acceleration response at the top of the building with 27 m/s basic wind speed.
Accelerations obtained for basic wind speeds of over 23 m/s are high, especially closer
to the resonant frequency as seen in Figure 25. Since it is unrealistic to have an average
basic wind speed of say 27 m/s for a long period of time, gust duration has a limiting
effect on developed acceleration. Figure 25 presents response acceleration considering
gust duration with a dashed line. This assumption is not fully realistic, since wind speed
first develops and then decreases after its peak, producing an initial oscillation of the
building, contributing to the peak acceleration.
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Figure 25. Acceleration response for different wind speeds and methods.
There are two results presented from each standard, one in which a higher acceleration is
obtained by converting the return period by Eurocode’s method and another where a
lower value is obtained by converting the return period by each code’s own procedures
presented in 4.2.2.
Comparing the finite element method with the standards, the results are reasonably close
to the response, considering gust duration except for the response calculated by Eurocode.
It is worth mentioning that the standards are giving a higher value than the finite element
method for across-wind acceleration response, except AS/NZS 1170.2 with return period
scaling done by that code. Very conservative assumptions have been made in the 2D finite
element method. However, it is still predicting lower acceleration values than the
standards. Figure 26 presents a scaled region where the most relevant information about
acceleration is presented, leaving out exceptionally high accelerations.
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Figure 26. Acceleration response for different wind speeds and methods.
The finite element method might be useful as a tool to evaluate across-wind response
acceleration, among others. This study shows that the response is reasonable and in the
same order of magnitude with the calculations by standards if gust duration is considered.
Also, with this tool it is easy to find out the resonant wind speeds, that could cause high-
amplitude vibrations. This makes it easier to steer the design process towards a solution
where resonance is very unlikely to happen in terms of wind return period.
Figure 27. Displacement response for different wind speeds by finite element method.
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Figure 27 shows maximum tip displacement compared to 2% and 2.5% relative
displacement mentioned in chapter 5.1. This result indicates that an actual lock-in
condition is possible to happen for this structure when basic wind speed is over 23 m/s.
This study is lacking comparison with full-scale measurements, which could show if the
predictions by the finite element method, standards and literature are on the safe side or
not. Also, the accuracy of the predictions would be valuable information from comparison
with full-scale measurements.
Wind speeds for different gust durations were calculated based on a 10-year return period,
and the 10-minutes mean peak wind speed 18.95 m/s was calculated by Eurocode. Wind
speeds and related gust durations in Figure 28 were used to calculate the acceleration
response within the gust duration presented in Figure 26.
Figure 28. Wind speed versus gust duration based on basic wind speed 18.95 m/s.
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7 Discussion and conclusions
The aim of this thesis was to investigate vortex shedding phenomenon and its
predictability by calculations. Based on the calculations and current understanding of the
phenomenon it is indeed hard to predict acceleration response without wind-tunnel tests.
Acceleration results from the calculations by the standards, literature and procedure based
on finite element method are scattered amongst each other, confirming the fact that vortex
shedding phenomenon is hard to predict. Hence, wind tunnel testing is needed if there are
any non-standard environments in the surroundings of the building or if the building itself
is slender or unusually shaped. Wind tunnel testing is considered the most accurate
prediction method for assessing building response to the wind.
Eurocode is not sufficient for predictions of across-wind accelerations and it is limited to
200 m high buildings. However, vortex shedding may occur also on lower buildings as
well making an absolute height limit a poor measure for that. Slenderness of the building
determines if across-wind acceleration is more critical than along-wind. Other
international standards are predicting across-wind acceleration more accurately, but they
are limited to building shape and some other aspects, making their usage very case
specific.
Equations used in the calculations by Eurocode are reasonable and there is a good
theoretical background combined with full-scale testing. However, assumptions of the
parameters in the case of high-rise buildings are extremely conservative, making the
predictions unusable. A suggestion arises that Eurocode should tweak EN 1991-1-4
Annex E to be usable for the design of high-rise buildings in future revisions.
A procedure based on finite element method to evaluate across-wind acceleration
response was adopted in this study for use on high-rise buildings. The results with this
procedure are close to the predictions done by the standards and literature, making it an
additional simple tool to check for building susceptibility to the acceleration caused by
vortex shedding. Also, the finite element method reveals if a building is susceptible to the
vortices shedding at natural frequency. Testing the finite element method against full-
scale measurements could give more evidence about the accuracy of the procedure.
Some questions were left out of this thesis, since only a basic square, non-tapered case
was studied. For further studies, it might be useful to find out the lift coefficient, Strouhal
number and Reynolds number combinations for the various cross-sections and shapes of
high-rise buildings.
Many strongly conservative assumptions were made in the finite element method in order
to maintain a position on the safe side of the design procedure. There is a lot of room for
optimization in longitudinal vortex synchronization length, lift coefficient magnitude
dependence on the relative height and vortex induced vibration outside the natural
frequency range. For a non-resonant shedding frequency, the load was set for the upper
75% of the total height. It was not investigated if there is a more optimal option of where
to apply the load, since lift coefficient is smaller the closer the load is to the top of the
building.
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Basic wind speed return period conversion done by Eurocode.
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Basic wind speed return period conversion done by ASCE-10.
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Figure 8.7. 20 m/s basic wind speed.
Figure 8.8. 21 m/s basic wind speed.
Figure 8.9. 22 m/s basic wind speed.
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Figure 8.12. 25 m/s basic wind speed.
Appendix 8 (5/5)
Figure 8.13. 26 m/s basic wind speed.
Figure 8.14. 27 m/s basic wind speed.
